An endophytic fungus identified as Penicillium sp. was isolated from the brown alga Fucus spiralis collected from the Shetland Islands, United Kingdom. Bioassay-guided fractionation of an extract of the fungus led to the isolation of cladosporin, epiepoformin, phyllostine, and patulin, all of which showed antimicrobial activity against either Staphylococcus aureus or Pseudomonas aeruginosa. Cladosporin has not previously been identified from a fungus of the genus Penicillium, and, despite being biosynthetically related, epiepoformin, phyllostine and patulin have not been previously reported from one source.
Endophytes, asymptomatic fungi that live within the tissues of plants, have been shown to produce bioactive natural products [1a] . Although endophytes of marine algae have not been extensively studied, they have nonetheless been identified as a promising source of biologically active natural products [1b,c] . We isolated sixtyfour distinct endophytic fungi from nine algae collected from the shores of the Shetland Islands, UK [1d] . The extract obtained from EtOAc extraction of the spent culture broth of isolate AF3-117C exhibited strong activity against both Gram-negative (Pseudomonas aeruginosa) and Gram-positive (Staphylococcus aureus) bacteria and was therefore chosen for further investigation. Isolate AF3-117C was obtained from a specimen of Fucus spiralis collected from Bridge End on the island of West Burra and was identified as Penicillium sp. Although Penicillium spp. are well documented for their antimicrobial activity [2], the isolation of this fungal isolate from a unique ecological niche presented the possibility of discovering novel secondary metabolites.
The extract of a bench-scale (6 L) two week fermentation of AF3-117C was subjected to a modified Kupchan partition protocol, and the CH 2 Cl 2 , EtOAc and n-BuOH fractions showed significant activity towards both S. aureus and P. aeruginosa. Flash column chromatography of each of these fractions on SiO 2 followed by normal phase HPLC of bioactive fractions led to the isolation of cladosporin (1, 0.8 mg/L), epiepoformin (2, 5.7 mg/L), phyllostine (3, 0.7 mg/L) and patulin (4, 303 mg/L) as the major antibacterial constituents (Figure 1 ). The molecular structures and absolute configurations were confirmed through a comparison of the NMR data and the optical rotations obtained for these four compounds with literature values [3] [4] [5] [6] . All four compounds were found to display inhibitory activity against S. aureus, although only patulin inhibited the growth of P. aeruginosa (Table 1 ). These compounds have not been previously isolated from a marine-derived fungus nor from an endophyte, and epiepoformin, phyllostine and patulin have not been reported from one source despite their close biogenetic relationship. This is also the first report of cladosporin, originally isolated from Cladosporium cladosporioides [3a] , being isolated from the genus Penicillium and from the same source as epiepoformin, phyllostine or patulin. The isolation of 1-4 highlights the potential of algal endophytes to be a source of functional and important bioactive molecules. (4) 100 47 (± 0.6) 150 139 (± 2) a IC 50 : median lethal concentration; MIC: minimum inhibitory concentration. b SD = standard deviation (n=3).
Experimental
Isolation and identification of AF3-117C: Fucus spiralis L. was collected from the shore of Bridge End, Shetland Islands, UK (60° 04.896' N, 01° 19.884' W) in October 2010, transferred to the laboratory under ambient conditions and stored at 4° C for 24 h. The algal surface was sterilized by immersion in 70% EtOH for 20 sec and rinsed with sterile distilled H 2 O for 10 sec. Sterile tissue was immediately aseptically cut into pieces, placed onto 2% malt extract agar and incubated at ambient room temperature. Endophytic fungi were subcultured on 2% malt extract agar until a pure culture was obtained. The genomic DNA of AF3-117C was extracted using a DNeasy ® plant mini kit according to the manufacturer's directions. Extracted DNA was amplified by PCR using Hotstar taq plus master mix (31.5 µL), coral load concentrate (7.5 µL), ITS 1 and ITS 4 primers (4.5 µL each), distilled water (16.5 µL), and fungal DNA template (3 µL). The presence of a DNA band corresponding to the ITS region (approximately 550 base pairs) in the PCR product was verified by gel electrophoresis before it was submitted for sequencing. An online BLAST search of the GenBank database was performed to identify the fungal isolate and the result confirmed through examination of the fungal morphology. The sequence data derived from isolate AF3-117C has been submitted to GenBank and assigned accession number JX967116. Flewelling et al.
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Antimicrobial susceptibility assay: Antibacterial activity against
Pseudomonas aeruginosa (ATCC 10145) and Staphylococcus aureus (ATCC 29213) was evaluated using a microbroth dilution antibiotic susceptibility assay modified from McCulloch et al. [7a] . Stock solutions of the test compounds (5 mg/mL) and the positive control, kanamycin (5 mg/mL), were prepared with sterile-filtered DMSO and stored at 4°C. Immediately prior to use, stock solutions (40 µL) were diluted with culture broth (960 µL) and the resulting test solutions (100 µL; 4% DMSO) were transferred to a 96 well plate. The positive control consisted of one column containing a twofold serial dilution of kanamycin (100 -0.78 µg/mL, 100 µL per well). Wells were then inoculated with suspensions of the appropriate bacteria (100 µL; 1x10 6 CFU/ mL), to obtain a cell density of 5x10 5 CFU/mL. To reduce evaporation from the plates, sterile water (200 µL) was added to perimeter wells. Each plate contained 8 negative control wells [4% DMSO in culture broth (100 µL) inoculated with suspensions of the appropriate bacteria (100 µL)] and 8 untreated blank wells [2% DMSO in culture broth (200 µL)]. The optical densities of the wells were measured before and after a 24 h incubation period (37°C), and the change in optical density (ΔOD) was calculated by subtracting the initial optical density from the final optical density of corresponding wells. ΔOD values were corrected for background absorbance by subtracting the mean ΔOD of the blanks from the mean ΔOD of the control and test wells. The percentage inhibition of bacteria was then defined as:
[1 -(mean test or positive control ΔOD/mean negative control ΔOD)] × 100
For IC 50 determinations, assays were performed as described above on two-fold serial dilutions of active compounds in triplicate at 10 concentrations (400 -0.78 µg/mL).
Minimum inhibitory concentrations (MIC) were defined as the lowest concentrations at which at least 90% of microbial growth was inhibited by the test compound [7b]. The mean absolute IC 50 of each compound was estimated by fitting a 4 parameter logistic curve to the ΔOD data of each replicate [7c] using Masterplex 2010 Readerfit (Hitachi).
Fermentation and extraction:
AF3-117C was fermented in 2% malt extract broth (6 L; 60  100 mL batches in 250 mL Erlenmeyer flasks) at room temperature under ambient lighting conditions with shaking (150 rpm) for 2 weeks. Fungal mycelia were separated from the spent broth by vacuum filtration, and the broth was extracted with EtOAc (6 × 1 L batches extracted with 3 × 300 mL EtOAc per batch). The organic fractions were combined and concentrated in vacuo to give a crude extract (2.67 g).
Bioassay guided fractionation:
A portion of the crude extract (2.45 g) was dissolved in 9:1 MeOH/H 2 O (200 mL) and extracted with hexanes (3 × 100 mL) before being diluted with H 2 O (100 mL) and extracted with CH 2 Cl 2 (3 × 100 mL). The aqueous fraction was freeze-dried, dissolved in H 2 O (200 mL) and extracted with EtOAc (3 × 100 mL) and n-BuOH (3 × 100 mL), respectively. The 5 partition fractions were concentrated in vacuo with the CH 2 Cl 2 (0.89 g) EtOAc (1.00 g) and n-BuOH (0.24 g) fractions showing strong bioactivity. The CH 2 Cl 2 fraction (0.86 g) was subjected to SiO 2 flash chromatography using a stepwise gradient from hexanes to EtOAc (5% increments of EtOAc to 1:1 hexanes/EtOAc; 25% increments from 1:1 hexanes/EtOAc to 100% EtOAc; 150 mL per elution) with the eluent collected in test tubes. Eight fractions were obtained by combining the contents of the test tubes on the basis of their TLC profiles. Fractions 2 (124 mg) and 4 (267 mg) showed significant antimicrobial activity and were further purified by normal phase HPLC (fraction 2: 124 mg, 3:2 hexanes/EtOAc; fraction 4: 150 mg, 1:1 hexanes/EtOAc) to give 1 (5 mg), 2 (15 mg), 3 (4 mg) and 4 (47 mg) from fraction 2 and 4 (123 mg) from fraction 4.
